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Abstract 
We have investigated phonon properties of some E-FeSi crystals with characteristic light emission properties by using 
measurements of far-infrared absorption and photoluminescence in order to discuss a correlation between them. It has been found
that there is a systematic correlation between phonon states and light emission efficiency and that the phonons above the energy
of more than ~44 meV may be effectively coupled to the optical indirect transition for the IR light emission from E-FeSi2 crystals. 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
Optical properties of semiconducting E-FeSi2 have been investigated by using various crystal samples in order to 
find a nature of the band-gap which has a key for solutions of an origin of its light emission [1]. The bulk E-FeSi2
crystal has been reported to have an indirect band-gap which energy corresponds to the peak energy of light 
emission observed at low temperature [2]. This result suggests that optical transition taking place at the indirect 
band-gap should be dominated by absorption and/or emission (at low temperature) of phonon which brings a 
necessary momentum change for the optical transition. However, phonon properties of orthorhombicE-FeSi2 are so 
complex that ab-initio calculations are difficult and we are forced to refer to results of Raman spectroscopy [3, 4] or 
infrared absorption (IR) and approximation calculation [5]. 
In this study, we investigate phonon properties of some E-FeSi samples with characteristic light emission 
properties by using measurements of far-infrared absorption and photoluminescence in order to discuss a correlation 
between them.  
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2. Experiments 
Samples were prepared by an ion beam synthesis (IBS) process on Si substrates. With changing the implantation 
conditions (the energy and dose of 56Fe+ ions) or annealing conditions (the temperature and time), we was able to 
fabricate E-FeSi2 crystals with various morphology from nanocrystals to continuous layers or with the PL and 
electrical properties [6]. We obtained variety of E-FeSi2 crystals with three typical morphologies, (a) the 
polycrystalline layer on Si, (b) the precipitates on Si, and (c) nanocrystals embedded in a Si matrix. There 
morphologies were obtained by ion implantations (a) at three energies of 30, 80 and 100 keV, (b) 100 keV and (c) 
200 keV, respectively. Their total doses were 1017 ions/cm2. The implantation energy determines the maximum 
concentration of Fe atom. With increasing the energy at the constant dose, the maximum concentration decreases, 
therefore crystal size has a tendency to decrease.  
Phonon properties were investigated by far-infrared absorption (FIR) measurements in a wavenumber region of 
200-650cm-1. The FIR spectra were measured in vacuum to prevent absorptions due to contents of air. It has been 
known that there are not absorption lines related to phonons of Si but some characteristic absorption lines of E-FeSi2
below 500cm-1. This background promise accurate measurements of phonon properties which are not affected by the 
Si substrate.
Fig. 1  FIR absorption spectra for (a) E-FeSi2 layer on Si, (b) the precipitates on Si, and (c) E-FeSi2 nanocrystals embedded in a Si matrix, and 
Raman spectrum. 
3. Results and Discussion 
Figure 1 shows FIR absorption spectra for E-FeSi2 with the morphologies corresponding to Figs. 1(a), (b) and (c) 
and Raman spectrum for the bulk crystal. The absorption spectrum (a) was same as that of the bulk crystal, in which 
characteristic absorption lines at 309, 295, 346, 422 and 263 cm-1 were evidently observed. The absorption spectrum 
of (c) obtained from the nanocrystal was very different from that of (a), in the spectrum (c) three strong but broad 
lines were observed at 328, 357 and 438 cm-1 (40.9, 44.6 and 54.6 meV). In the case of (b), the absorption spectrum 
showed an in-between situation in (a) and (c). All the FIR spectra did not have the same lines as the Raman 
spectrum. This suggests that an exclusion rule between Raman and IR actives may be maintained; therefore no 
change of lattice symmetry can be concluded in their cases. This different phonon property may be attributed to 
difference in polarization coupled with lattice vibrations. Using theoretical results of lattice dynamics, we discuss 
the origin of their FIR absorption spectra observed in this study.  
Figure 2 shows the calculated FIR absorption spectra due to phonon excitation along each polarization, the 
electrical field E of FIR light parallel to a, b, and c axes of the E-FeSi2 unit cell [7]. We overwrite the observed 
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absorption spectra (a) and (c) onto the theoretical spectra. From these comparisons, the absorption line components 
of the spectra (a) obtained from the polycrystalline layer is similar to those excited by the case of E//a (above chart 
of Fig. 2), while the components of the spectrum (b) is similar to those by the sum of E//b and c (middle or below 
chart of Fig. 2). The dotted lines in Fig. 2 are spectra observed in a E-FeSi2 single crystal, which agree to the spectra 
(a) and (c) very well. We can identify the original polarization of the absorption lines of the spectra (a) and (c). The 
lines at the spectrum (a) can be originated to polarization along the a and b axes, contrary the lines at 357, 438 and 
328 cm-1 of the spectrum (c) to polarization along the c, b and c, and b axes, respectively. 
Fig. 2  Comparison between the absorption spectra along each polarization with electrical field E// the a, b, or c axis of the E-FeSi2 unit cell 
(reported in ref. [7] ) and the spectra (a) and (c) in Fig. 1. 
Fig. 3 Intensity of photoluminescence observed at 10 K and FIR absorption spectra obtained from 200 keV IBS E-FeSi2 annealed at each 
temperature. The change of the phonon state above 700oC corresponds to pronounced increase in the PL intensity. The significant decrease in the 
PL intensity above 850oC is due to phase transition from E-FeSi2 to D-FeSi2.
Figure 3 shows the PL intensity and FIR absorption spectra of samples annealed at 600-900oC. The annealing at 
600oC gave the spectra (a), while that at 800oC gave the spectrum (c) because of difference in a growth process of E-
FeSi2 at 600 and 800
oC [8]. We observed evident correlation between such a change in FIR absorption spectra 
(phonon states) and the PL intensity at 10 K. The maximum PL was observed in the sample annealed at 800oC with 
the spectrum (c), while the very weak or no PL was observed in the sample annealed at 600oC with the spectrum (a). 
These results suggest that the phonon state of E-FeSi2 realized may dominate the light emission process at the 
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indirect band-gap with emission and absorption of phonon necessary to it. Analysis of optical transition at the 
indirect band-gap between the Y point (the maximum of valence band) and the critical point on the / line (the 
minimum of conduction band) teaches us that the transition needs one phonon with at least 31 meV (=249 cm-1) [1]. 
According to this analysis, all the typical phonons observed in the spectra (a) and (c) can contribute to the optical 
transition. However, by taking the evident correlation of Fig. 3 into account, we speculate that phonons above ~44 
meV may play a great role for a radiative recombination at the indirect band-gap of E-FeSi2.
4. Conclusions
We have examined phonon states of various E-FeSi2 crystals fabricated by IBS carried out under some 
conditions and found a systematic correlation between phonon states and light emission efficiency. The phonons 
above the energy of ~44 meV, that is higher than that predicted previously, may be effectively coupled to the optical 
indirect transition for IR light emission from E-FeSi2 crystals. 
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